Breast cancer is the second-most frequently diagnosed malignancy in US women. The triple-negative breast cancer (TNBC) subtype, which lacks expression of the estrogen receptor, progesterone receptor and human epidermal growth factor receptor-2, afflicts 15% of patients and is refractory to current targeted therapies. Like many cancers, TNBC cells often deregulate programmed cell death by upregulating anti-apoptotic proteins of the B-cell CLL/lymphoma 2 (Bcl-2) family. One family member, myeloid cell leukemia-1 (Mcl-1), is commonly amplified in TNBC and correlates with a poor clinical prognosis. Here we show the effect of silencing Mcl-1 and Bcl-2-like protein 1 isoform 1 (Bcl-xL) expression on viability in a panel of seventeen TNBC cell lines. Cell death was observed in a subset upon Mcl-1 knockdown. In contrast, Bcl-xL knockdown only modestly reduced viability, indicating that Mcl-1 is a more important survival factor. However, dual silencing of both Mcl-1 and Bcl-xL reduced viability in most cell lines tested. These proliferation results were recapitulated by BH3 profiling experiments. Treatment with a Bcl-xL and Bcl-2 peptide had only a moderate effect on any of the TNBC cell lines, however, co-dosing an Mcl-1-selective peptide with a peptide that inhibits Bcl-xL and Bcl-2 was effective in each line tested. Similarly, the selective Bcl-xL inhibitor WEHI-539 was only weakly cytotoxic across the panel, but sensitization by Mcl-1 knockdown markedly improved its EC 50 . ABT-199, which selectively inhibits Bcl-2, did not synergize with Mcl-1 knockdown, indicating the relatively low importance of Bcl-2 in these lines. Mcl-1 sensitivity is not predicted by mRNA or protein levels of a single Bcl-2 family member, except for only a weak correlation for Bak and Bax protein expression. However Breast cancer is the second-most frequently diagnosed malignancy in US women with 230 000 new cases and 40 000 deaths in 2011. The triple-negative breast carcinoma (TNBC) subtype, which does not express the estrogen receptor (ER) and progesterone receptor (PR) and lacks overexpression of human epidermal growth factor receptor-2 (HER2), afflicts nearly 15% of all breast cancer patients and remains refractory to currently available endocrine and HER2-directed therapies.
Breast cancer is the second-most frequently diagnosed malignancy in US women with 230 000 new cases and 40 000 deaths in 2011. The triple-negative breast carcinoma (TNBC) subtype, which does not express the estrogen receptor (ER) and progesterone receptor (PR) and lacks overexpression of human epidermal growth factor receptor-2 (HER2), afflicts nearly 15% of all breast cancer patients and remains refractory to currently available endocrine and HER2-directed therapies.
1,2 The current standard of care for TNBC is radiation and neoadjuvant cytotoxic chemotherapy, and carries a poor clinical prognosis. [3] [4] [5] As with most cancers, TNBC cells are under metabolic and oncogenic stress and require inhibition of the intrinsic apoptotic pathway for survival. 6 Under normal physiological conditions, this pathway is tightly regulated by both pro-and anti-apoptotic members of the B-cell CLL/lymphoma 2 (Bcl-2) family. Stressors such as DNA damage, hypoxia or oncogenic signaling, cause increased expression or translocation of proapoptotic Bcl-2 family members, such as Bim, Bad and Noxa, to the mitochondria. 7 These proteins subsequently trigger pore formation in the mitochondrial outer membrane via induced multimerization of Bak or Bax, a process that leads to cytochrome c release, caspase cleavage and commitment to apoptosis.
In the absence of environmental or oncogenic stressors, multi-domain Bcl-2 family members such as myeloid cell leukemia-1 (Mcl-1), Bcl-2 and Bcl-2-like protein 1 isoform 1 (Bcl-xL), prevent apoptosis by sequestering the pro-apoptotic family members. Many cancer types aberrantly block oncogenic apoptotic signaling by increasing steady-state expression of one or more of these proteins through genetic amplification, transcript upregulation or reduced degradation. 8 It is therefore unsurprising that Bcl-2 family inhibitors, such as ABT-263 and ABT-199, have displayed pre-clinical and clinical efficacy. [9] [10] [11] Effectively using these targeted therapeutics requires accurately predicting which anti-apoptotic proteins the tumor depends upon for survival. High expression of a pro-survival Bcl-2 family member does not necessarily correlate with dependency on that protein to prevent apoptosis. [12] [13] [14] Individual pro-survival Bcl-2 family proteins preferentially inhibit a subset of pro-apoptotic family members, 15 and cancer cells require a counterbalancing antagonist for whichever proapoptotic stimuli are present. Moreover, additional regulatory mechanisms, such as limiting trafficking to the mitochondria or inducing degradation, may alter activity regardless of the absolute protein level expressed. 16 More accurate predictions use a multi-protein index, such as the ratio of Mcl-1 to Bcl-xL to predict Mcl-1 dependency in small cell lung carcinoma, 17 or the ratio of phospho-Bcl-2/(Mcl-1+Bcl-2) to predict sensitivity to the pan-Bcl-2 inhibitor S1 in leukemia. 18 Mcl-1 overexpression has been reported in several hematological and solid tumor cancers, and is one of most frequently amplified genes in human cancer 19, 20 including prostate, lung, pancreatic, breast, ovarian, melanoma, B-cell chronic lymphocytic leukemia, acute myeloid leukemia and acute lymphoblastic leukemia. Overexpression in breast cancer is associated with a high tumor grade and poor survival, 21 and pre-clinical evidence suggests that Mcl-1 represents a promising target for the treatment of breast cancers. 19, 22, 23 Indeed, the MCL1 gene is the most common genetic amplification (after TP53) that occurs following neoadjuvent therapy in TNBC. 24 Further, Mcl-1 overexpression is implicated as a resistance factor for multiple therapies, including the widely prescribed microtubule-targeted agents paclitaxel and vincristine, 25 and compounds that inhibit the related family members Bcl-2 and Bcl-xL. 26, 27 Doxycyclineinducible overexpression of the Mcl-1 antagonizing Bcl-2 homology domain 3 (BH3)-only protein Noxa, but not Bim, Puma or tBid, synergizes with Bcl-2 and Bcl-xL inhibitor ABT-737 treatment in Jurkat J16 cells. 28 The forced overexpression of Mcl-1 in transgenic mice has been reported to exhibit a high incidence of B-cell lymphoma, 29 whereas Mcl-1 downregulation using antisense oligonucleotides or smallinterfering RNA (siRNA) has been shown to induce apoptosis in a number of cancer cell types. 30, 31 Similarly, Bcl-xL is commonly amplified in cancer 20 and has been implicated in preventing various cancers from undergoing programmed cell death, including melanoma 32 and colon cancer stem cells. 33 In addition, in breast and lung tumors, Bcl-xL amplification correlates with a decreased sensitivity to transcriptional repressors. 19 Here we explore Mcl-1 and Bcl-xL dependencies in a panel of TNBC cell lines and investigate the apoptotic proteins that principally determine sensitivity. These data will help identify the genetic and molecular determinants of sensitivity to antiapoptotic inhibitors in TNBC, which could aid in the design of clinical trials of Mcl-1 inhibitors, patient selection and biomarker identification.
Results
Mcl-1 protects a subset of TNBC cell lines from apoptosis. As Mcl-1 and Bcl-xL are frequently upregulated in human breast cancer, and based on their importance to prevent apoptosis in many cancer types, we hypothesized that some TNBC cell lines may depend on these proteins to prevent apoptosis, and that silencing one or both would reduce cell viability. To test this hypothesis, we silenced the expression of Mcl-1 or Bcl-xL using siRNAs. We first validated our siRNA protocol: of the four unique motifs tested for each protein, Mcl-1 motif-17 and Bcl-xL motif-14 reproducibly yielded the greatest knockdown of over 85% compared with non-silencing control (NSC) in MDA-MB-468 and MDA-MB-453 cells (Supplementary Figures S1A and B) . The NSC motif did not lower cell viability; however, silencing Mcl-1 expression substantially reduced the viability of MDA-MB-468 cells in a protein knockdown-dependent manner ( Supplementary Figures S1C and D) . In contrast, silencing Bcl-xL had a smaller effect on both cell lines despite high protein knockdown (490%).
We silenced Mcl-1 or Bcl-xL using these siRNAs in a panel of 17 publicly available luminal and basal cell lines (Figure 1 ). Cell viability was measured after 5 days to allow for several population doublings, and knockdown efficiency was verified by western blot at the conclusion of the experiment (Supplementary Table S1 ). Mcl-1 knockdown markedly reduced proliferation by 60% or more in seven lines (blue, Figure 1a Figure S3) . These data suggest that a subset of our cell lines are solely dependent on Mcl-1 for survival, and reduced proliferation after Mcl-1 protein knockdown is caused by apoptotic induction.
In contrast, siRNA silencing of Bcl-xL expression had only a modest effect on viability for most of the cell lines tested (Figure 1c ). Only 2 of the 17 lines qualify as sensitive under our criteria, one of which is also sensitive to Mcl-1 silencing (HCC1395). These data suggest that unlike Mcl-1, few of these TNBC lines depend solely on Bcl-xL for survival.
It is easy to envision that some TNBC cell lines may block apoptosis via protection from two or more pro-survival Bcl-2 family members. To test this, we silenced the expression of both Mcl-1 and Bcl-xL proteins with concurrent siRNA treatment. Knockdown of both proteins results in significantly more cell death across the TNBC panel than with knockdown of either protein alone (Figure 1d ), including for cell lines insensitive to Mcl-1 knockdown.
BH3 profiling confirms the specific dependency on Mcl-1 for survival. BH3 profiling has been used to predict the sensitivity of cell lines and patient-derived hematologic cancer cells to Bcl-2 family inhibitors and to define the dependence on specific family members. 34, 35 This assay quantifies mitochondrial depolarization after administration of a BH3-derived peptide in digitonin-permeabilized whole cells. These peptides have differing binding specificities to Bcl-2 family members, which allows for a sophisticated dissection of the individual contributions of these proteins to prevent apoptosis.
We performed BH3 profiling on a subset of our TNBC panel to further elucidate the protective role of individual antiapoptotic Bcl-2 family members. Treatment with 10 μM of the highly potent and pan-Bcl-2 family antagonist Bim-BH3 peptide depolarized the mitochondria in all cell lines tested (Figure 2a ), verifying that they are sensitive to BH3-mediated antagonism. In contrast, treatment with the Mcl-1-specific peptide MS-1 (Figure 2b ) 36 at 100 μM depolarized mitochondria only in the Mcl-1-dependent cell lines. The differing concentrations are used to reflect the lower activity of MS-1 and are consistent with prior concentrations used for this peptide and others in the literature. 36 The Bad-BH3 peptide, which antagonizes Bcl-2 and Bcl-w in addition to Bcl-xL, depolarized mitochondria to a lesser extent than did the MS-1 peptide, which also agrees with the Bcl-xL siRNA results above ( Figure 2c ). Of note is the higher-than-expected response to Bad-BH3 in MDA-MB-231 cells, although this is perhaps explained by the broad activity of Bad-BH3 to also antagonize other Bcl-2 family members.
Finally, we simulated our dual siRNA results by co-administering the MS-1 peptide and a sub-E10 dose (50 nM) of Bad-BH3, a concentration chosen to clearly demonstrate the synergistic effect of co-dosing. In agreement with our previous results, the mitochondria depolarization increased compared with MS-1 peptide alone for the three Mcl-1-independent cell lines tested. The change in polarization for MDA-MB-453 exceeds that expected from our dual siRNA experiments, presumably because of the expanded binding profile of Bad-BH3. Not surprisingly, increasing the concentration of Bad-BH3 peptide to 1 μM further sensitized these cell lines to MS-1 peptide (data not shown).
Mcl-1 knockdown overcomes resistance to Bcl-xL smallmolecule inhibitors. As cell lines in our TNBC panel are largely resistant to Bcl-xL silencing, we reasoned these lines may also be resistant to the Bcl-xL-specific small-molecule inhibitor WEHI-539, 37 and that co-dosing with Mcl-1 knockdown may synergistically reduce viability. To test this hypothesis, we measured the viability IC 50 for WEHI-539 during concurrent treatment by NSC or Mcl-1 siRNA (Figure 3a) . IC 50 values for NSC-treated cells are in the low micromolar range, indicating that these cells are not highly sensitive based on the potency observed for other Bcl-2 family inhibitors. 38 However, in combination with Mcl-1 knockdown, compound potency improves markedly across the panel, such as the 15-fold improvement for MDA-MB-157 cells ( Figure 3b ). We next tested whether Bcl-2 is an important survival factor by repeating the above experiment using Bcl-2-specific inhibitor ABT-199. 39 Cells were insensitive to compound alone or in combination with Mcl-1 siRNA (Figures 3c and d) . Finally, we repeated this experiment with ABT-263, a Bcl-2 and Bcl-xL dual inhibitor (Figure 3c ). 30 As seen with WEHI-539, cells were largely resistant to compound alone but were extremely sensitive to combination with Mcl-1 silencing (Figures 3e and f) . In summary, the Bcl-xL inhibitors ABT-263 and WEHI-539, but not the selective Bcl-2 inhibitor ABT-199, have an additive effect with Mcl-1 knockdown to reduce cell viability in these cell lines.
Bcl-2 family member mRNA or protein levels do not predict Mcl-1 sensitivity. Our siRNA, compound treatment, and BH3 profiling experiments all suggest a critical role for Mcl-1 to protect a subset of TNBC lines from apoptosis. However, it was unclear why some (but not all) lines depended on Mcl-1 for survival. We found no correlation between mRNA expression and cell viability in these TNBC lines for Bcl-2 family members Mcl-1, Bcl-xl, Noxa, Bim, Bax, Bak and Bax (Supplementary Figure S4) . As steady-state protein expression may vary significantly from mRNA levels, we additionally profiled each cell line by western blot ( Figure 4 (Figures 5f and g ). Together, expression of single proteins at best only weakly correlates with Mcl-1 dependency. A combined index of Bcl-2 family proteins better predicts Mcl-1 dependency. As Bcl-2 proteins work in concert to regulate apoptosis, a more holistic approach for predicting survival dependency on Mcl-1 should include multiple protein expression levels. Using a multiple linear regression (1) where y is cell viability after Mcl-1 knockdown and [protein] is the protein expression normalized to tubulin from the western blot analysis, we used a least-squares-fit of equation 1 to obtain the constant factors b and m [1] [2] [3] [4] [5] . Mcl-1 and Bcl-xL were included because of their role in singly or dually protecting the cell from apoptosis, as seen in Figures 1 and 2 . Bak was chosen because of its mechanistic function to depolarize the mitochondria after Mcl-1 and Bcl-xL are antagonized and its significant correlation with Mcl-1 sensitivity in Figure 5 . Bim and Noxa are important general and Mcl-1-specific antagonizing BH3-only proteins, respectively. Figures S5 A-E) . Removing Bak had the largest effect on R 2 , followed by Bcl-xL, Bim, Mcl-1 and Noxa, respectively, which is consistent with our single-linear regression showing Bak as the strongest individual predictor of sensitivity among these five proteins. We further tested this ABT-199 equation by replacing the least significant contributor (Noxa) with Bcl-2, but the quality of the fit decreased (Supplementary Figure S5F) . Coefficients depend on the protein's importance to predict viability and on the quantified western blot band intensity (e.g., the low-intensity Noxa bands result in a large coefficient). Therefore, this equation is highly dependent on uniform band staining between experiments, and necessitates a loading control to standardize results obtained under different conditions. Normalized mRNA expression is another metric that is often used as a surrogate for protein expression and is available for a large number of cancer cell lines in public databases (such as the CCLE), allowing rapid identification of more potentially sensitive cell lines for additional study. We tested whether mRNA levels predicted cell line sensitivity (Figure 6b) . Although the goodness-of-fit and the slope both decreased, the overall R 2 was significant at 0.54 (Po0.001) (Equation 3).
Mcl-1 Finally, we examined whether Mcl-1-sensitive cell lines segregate to a particular subtype of TNBC. In confirmation of a previous report, 23 we found that Mcl-1 sensitivity correlates with the Basal A TNBC subtype as defined by Neve et al., 40 whereas the Basal B subtype is resistant (Figure 6d ).
Discussion
Cancer cells often protect themselves from programmed cell death by upregulating anti-apoptotic members of the Bcl-2 protein family, or conversely, reducing expression of pro-death family members. Pharmacologically removing this apoptotic block can restore apoptosis and provides a useful therapeutic approach for treating tumors. 38 The protein(s) responsible for apoptotic protection can differ for individual tumors and cell lines and have important implications on the choice of treatment. In this study, we found that a significant fraction of TNBC cell lines (41%) are dependent upon Mcl-1 for survival, as evidenced by markedly reduced viability after Mcl-1 protein knockdown, caspase 3/7 activation, Annexin V staining and mitochondrial depolarization by an Mcl-1-specific peptide. In contrast, silencing Bcl-xL had only a modest effect in the TNBC cell lines examined. Strikingly, co-silencing both produced significantly increased cell death and reduced viability in the majority of cell lines, even those that were resistant to silencing either protein individually.
Consistent with these results, the Bcl-xL inhibitor WEHI-539 was largely ineffective when used alone against TNBC cells lines, but potently killed cells in combination with Mcl-1 knockdown. Similarly, the dual Bcl-2 and Bcl-xL inhibitor ABT-263 was only mildly cytotoxic when used alone, indicating that Bcl-2 and Bcl-xL combined inhibition do not reduce viability, but in combination with Mcl-1 silencing is strongly cytotoxic. These results suggest that inhibition of Mcl-1 in TNBC could resensitize tumors following acquired resistance to Bcl-2 family chemotherapeutics, as is seen in other cancer types. 26, 27, 41 We next sought to understand why some (but not all) cell lines responded to Mcl-1 knockdown. Each cell line in this TNBC panel expresses executioner proteins Bak, Bax and BH3-only proteins, and their mitochondria depolarizes in response to Bim. These data suggest that intrinsic pathway apoptotic blockade is due to antagonism by high levels of antiapoptotic proteins (e.g., Mcl-1, Bcl-xL, etc). 42 Although alternate routes exist to block apoptosis without affecting Bcl-2 family proteins on the mitochondrion (such as by upregulating inhibitors of apoptosis proteins, or by blocking BH3-only protein activation), the sensitivity of most cell lines to single Mcl-1, or combined Mcl-1 and Bcl-xL knockdown, suggests that these other mechanisms are underutilized. We observed high (albeit varied) levels of Mcl-1 and Bcl-xL and low levels of Bcl-2 protein expression across the TNBC cell line panel. Although expression of a particular anti-apoptotic protein does not necessarily indicate a cell is dependent on it for survival, 13, 14 significant expression is likely a necessary precondition for the protein to be an important sensor of cell death stimuli and thus a viable target for therapeutic manipulation. Indeed, all Mcl-1, Bcl-xL or dually sensitive cell lines expressed the requisite protein(s). In addition, Bak and Bax protein levels significantly (albeit weakly) correlated with reduced viability after Mcl-1 knockdown, indicating their central importance to execute mitochondrial depolarization when anti-apoptotic Bcl-2 family antagonism is removed.
Cancer cells differ not just in the absolute expression levels of anti-apoptotic proteins, but also in their extent of pro-apoptotic protein activation. A cell line or tumor with higher pro-apoptotic activation is more 'primed for death' and will require more anti-apoptotic proteins to survive. 42 Therefore, it is not surprising that we saw no correlation of Mcl-1 protein or mRNA with Mcl-1 dependency because these fail to account for differences in cellular pro-apoptotic potential. Similarly, the extent of unbound anti-apoptotic proteins is also an important criteria to predict dependency. Over 40% of tested lines responded to Mcl-1 knockdown alone, but most of the insensitive lines required combined Mcl-1 and Bcl-xL knockdown to die, suggesting that these lines express additional anti-apoptotic proteins sufficient to sequester any released pro-apoptotic factors after Mcl-1 loss.
14 Interestingly, knockdown of Bcl-xL alone had relatively little effect compared with Mcl-1 knockdown. Although the two proteins have unique specificities for BH3-only proteins (e.g., Mcl-1 can bind Noxa but Bcl-xL can bind Bad), their overall anti-apoptotic mechanisms are similar. This discrepancy has been observed in other cancer types as well, including acute myeloid leukemia 43 and ER-positive breast cancer. 12 The Bad-BH3 peptide, which antagonizes Bcl-2, Bcl-w and Bcl-xL, depolarized mitochondria to a lesser extent than the Mcl-1-specific peptide. This suggests that in these cell lines the pool of Bcl-2, Bcl-w and Bcl-xL contributes marginally compared with Mcl-1 in protection against apoptotic induction. Perhaps Mcl-1 more actively sequesters pro-apoptotic proteins, with the bulk of Bcl-xL prevented from blocking apoptosis by localization or inactivation.
As a result of these complications, we are unsurprised to find several previously published multi-protein indexes for predicting response to Bcl-2 family inhibitors. 17, 44 Our data suggest that an additional metric for predicting dependency on a particular anti-apoptotic protein will consider the relative amounts of both pro-and anti-apoptotic proteins. We found that an index of five proteins (Mcl-1, Bcl-xL, Bim, Bak and Noxa) could highly predict Mcl-1 sensitivity with an R 2 of 0.71. As these predictions were based on in vitro experiments, their performance in vivo with complicating factors such as stroma and the associated microenvironment deserves further study.
Including Bcl-2 in the index did not improve our viability predictions in TNBC. The TNBC cell lines tested cells were resistant to the Bcl-2-specific inhibitor ABT-199 alone or in combination with Mcl-1 silencing, which suggests that Bcl-2 provides little anti-apoptotic protection in these cell lines. However, including Bcl-2 may make the equation more broadly applicable to other cancer types that do heavily rely on Bcl-2 to protect against apoptosis during Mcl-1 loss.
Our results suggest that a BH3-mimetic capable of inhibiting Mcl-1 interactions may prove efficacious as a single-agent therapeutic in some TNBC tumors; whereas single-agent inhibition of Bcl-2 or Bcl-xL may be largely ineffective. In other TNBC tumors, combination therapy may be required. The highly significant correlation of Basal A subtype status to Mcl-1 dependency in these cell lines should be further investigated using patient-derived samples, and could prove to be an effective biomarker for clinical breast cancer patient selection. In other cancer types, an analysis of the protein or mRNA levels of Bcl-2 family members (e.g., Mcl-1, Bcl-xL, Bak and Bim) may be useful in a multi-factorial expression as shown here to mechanistically predict which tumors are likely to respond to an Mcl-1 inhibitor across different tumor types.
Materials and Methods
Cell lines and culture conditions. Cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) except for Cal148 (obtained Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany) and Sum149PT (obtained from Asterand, Detroit, MI, USA). Cells were cultured in recommended media.
Protein knockdown and cell viability. Protein expression was silenced using siRNA. On-targetPLUS motifs specific to the 3'-UTR or ORF for Mcl-1 and Bcl-xL were obtained from Dharmacon (Thermo Scientific, Waltham, MA, USA). Cells were plated in antibiotic-free medium at 5000 cells per well in a 96-well plate. After 24 h, medium was replaced with siRNA-containing medium consisting of 0.01% Dharmafect I transfection reagent and 25 nM siRNA sequence specific to the target or NSC motif. Control wells received normal media. Cell viability was measured after 5 days using Cell Titer-Glo (Promega, Fitchburg, WI, USA), a fluorescent assay that produces signal corresponding to ATP concentration (a proxy for cell count). Signal was measured on the Spectramax M5 plate reader (Molecular Devices, Sunnyvale, CA, USA) averaged over five replicate wells. Conditions were optimized such that cell viability was reduced by the NSC siRNA by no 430%, and protein knockdown was verified by western blot analysis using lysates collected at the conclusion of the experiment. BH3 profiling. Synthetic peptides were ordered from Genscript (Piscataway, NJ, USA). Sequences are as previously described for MS-1, 26 Bim-BH3 and Bad-BH3.
27
BH3 profiling was conducted and analyzed as described. 27 Fluorescence was measured on a Biotek Cytation 3 (Winooski, VT, USA) after 1.5 h. DMSO control was used for zero depolarization, and FCCP at 20 μM was used for 100% depolarization. Normalized percent polarization is calculated as (Sample-FCCP)/(DMSO-FCCP).
Compound studies. Cells were plated in antibiotic-free medium to a final count of 1000 cells per well in a 96-well plate and left for 24 h. NSC or Mcl-1 siRNA were added as described above. After 2 days, compounds ABT-263, ABT-199 or
